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Mutualism  is ubiquitous  in  nature  but  is  known  to be intrinsically  vulnerable  with  regard  to both  popula-
tion  dynamics  and  evolution.  Synthetic  ecology  has  indicated  that  it is feasible  for organisms  to  establish
novel  mutualism  merely  through  encountering  each  other  by showing  that  it is  feasible  to  construct
synthetic  mutualism  between  organisms.  However,  bacteria–eukaryote  mutualism,  which  is  ecologi-
cally  important,  has  not  yet  been  constructed.  In this  study,  we  synthetically  constructed  mutualism
between  a  bacterium  and  a  eukaryote  by using  two  model  organisms.  We mixed  a bacterium,  Escherichia
coli  (a  genetically  engineered  glutamine  auxotroph),  and  an  amoeba,  Dictyostelium  discoideum,  in  14
sets  of  conditions  in  which  each  species  could  not  grow  in  monoculture  but  potentially  could  growynthetic ecology
stablishment
acteria–eukaryote mutualism
in  coculture.  Under  a  single  condition  in which  the bacterium  and  amoeba  mutually  compensated  for
the  lack  of  required  nutrients  (lipoic  acid  and  glutamine,  respectively),  both  species  grew  continuously
through  several  subcultures,  essentially  establishing  mutualism.  Our  results  shed  light on  the  estab-
lishment  of  bacteria–eukaryote  mutualism  and  indicate  that  a bacterium  and  eukaryote  pair  in nature
also  has  a  non-negligible  possibility  of  establishing  novel  mutualism  if  the  organisms  are  potentially
he A  
mutualistic.
© 2013 T
. Introduction
Organisms rarely live alone in nature, and interactions between
ifferent species are common (Begon et al., 1996). These interac-
ions are often mutually beneﬁcial, a state known as mutualism,
nd such relationships are ecologically important (Boucher, 1985;
oucher et al., 1982; Herre et al., 1999). In particular, the establish-
ent and evolution of mutualism are important issues in ecology
ecause mutualism is well known to be vulnerable with regard
o both population dynamics and evolution (Ferriere et al., 2002;
erre et al., 1999; Sachs and Simms, 2006). For example, the orga-
isms involved in obligate mutualism can become extinct from
ack of interaction because of a decrease in population density,
nd mutualism can shift to parasitism through the emergence of
 cheater during evolution. The histories of the establishment and
volution of natural mutualism have been estimated by analyzing
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extant organisms using molecular biology and bioinformatics
techniques, including phylogenetic analyses (Althoff et al., 2012;
Backhed et al., 2005; Bascompte et al., 2006; Cook and Rasplus,
2003; Merckx and Bidartondo, 2008; Ramirez et al., 2011; Schardl
and Craven, 2003). However, it is difﬁcult to understand the pro-
cesses that drove the extinction of organisms (Sachs and Simms,
2006) such as those that encountered a potentially mutualistic part-
ner but failed to establish mutualism or those that once established
mutualism but subsequently became extinct through the emer-
gence of cheaters. Thus, our knowledge of mutualism is inevitably
biased toward successful examples. To truly understand the difﬁ-
culty that organisms experience in establishing and maintaining
mutualism, the experimental reconstruction of these processes is
a useful strategy.
Experimental studies using synthetic ecosystems have sug-
gested that it is feasible for organisms to establish novel mutualism.
By constructing synthetic ecosystems that are analogous to mutual-
ism through the use of two  species or strains that do not naturally
interact, it is possible to simulate their encounter, establishment
and maintenance of their mutualism, and the breakdown of their
Open access under CC BY-NC-ND license.mutualism (Mee  and Wang, 2012; Momeni et al., 2011; Tanouchi
et al., 2012; Wintermute and Silver, 2010a). Several studies using
synthetic mutualism have indicated the difﬁculties in construc-
ting mutualism in deﬁned cases. This information may be useful
ND license. 
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Fig. 1. A scheme of our SOBEM. Both the amoeba and the bacterium can grow in
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eoculture only when they supply a sufﬁcient amount of Gln and nutrient X, respec-
ively (or substitutes that complement the lack of those nutrients).
n determining how difﬁcult it is for organisms to establish mutu-
lism. Shou et al. (2007) pioneered the construction of synthetic
utualism; this interaction was constructed between two geneti-
ally engineered auxotrophic yeasts, each lacking a gene essential
or the biosynthesis of a nutrient. The study showed that a simple
enetic modiﬁcation resulting in the overexpression of a gene leads
o the establishment of synthetic mutualism. In another mutualis-
ic interaction between two different bacterial species studied by
arcombe (2010), the enhancement of the nutrient supply capac-
ty of both bacteria was also necessary for the establishment of
utualism. By mixing 2 of 46 auxotrophic strains of Escherichia coli,
intermute and Silver (2010b) showed that 17% of the 1035 tested
airs increased in population because of the interaction. Using one
f those pairs of nutrient auxotrophs, we have shown that the
ig. 2. The growth of the amoeba and the bacterium in monoculture in the absence
f  each nutrient X. (A) The results of the monoculture of the amoeba in SIH-X. For X
o satisfy the requirement, the amoeba must not grow in SIH-X. The omitted nutrient
 in each culture is indicated at the bottom of the ﬁgure. The amoeba, pre-cultured
n  SIH, was  inoculated in SIH-X at an initial cell concentration of 2 × 105/mL, and the
ell concentration was determined after one week (black bar). The amoeba was then
ransferred to the same medium at the same initial cell concentration, and the cell
oncentration was  determined after 6 or 7 days (white bar). (B) The results of the
onoculture of the bacterium in SIH-X + Gln. For X to satisfy the requirement, the
acterium must grow in SIH-X + Gln. The bacterium, pre-cultured in SIH + Gln, was
noculated in SIH-X + Gln at an initial optical density of 0.02 at 600 nm (OD600), and
he  OD600 was determined after 1 day. The symbols © between A and B denote the
elected candidates. These results are reasonably consistent with existing knowl-
dge (see text), although the experiments have not been replicated. 113 (2013) 66– 71 67
E. coli populations grew continuously, rapidly changing to more
cooperative phenotype (Hosoda et al., 2011; Hosoda and Yomo,
2011). Although the generality has not been sufﬁciently conﬁrmed,
these studies suggest that (i) certain enhancements of coopera-
tive behavior allow the construction of novel mutualism and (ii)
novel mutualism can be constructed merely by mixing two  popu-
lations if approximately one dozen pairs are tested. These results
suggest that organisms can with a non-negligible possibility estab-
lish mutualism in nature merely through encountering each other.
However, mutualism between bacteria and eukaryotes, which is
ecologically important, has not yet been constructed.
In nature, bacteria–eukaryote mutualism is commonly observed
(Begon et al., 1996; Douglas, 1994; Tarkka et al., 2009), and sev-
eral studies have reported experimental ecosystems containing
bacteria and eukaryotes (Hekstra and Leibler, 2012; Kihara et al.,
2011; Matsuyama et al., 2004; Nakajima et al., 2009; Sano et al.,
2009; Todoriki et al., 2002a; Tsuchiya et al., 1972; Yamada et al.,
2008). However, it remains unclear whether these relationships
constituted mutualism, because it is difﬁcult to experimentally
determine whether interactions are beneﬁcial if the relationship
is not obligate. In contrast, if the relationship is obligate for
both species, the interaction must be beneﬁcial to both species.
Once synthetic mutualism has been constructed between a bac-
terium and cells of a mammal  (Weber et al., 2007). However,
the mammalian cell is no longer an individual mammal, and
this situation may  have reduced ecological relevance. Accord-
ingly, the construction of synthetic obligate bacteria–eukaryote
mutualism (SOBEM) is valuable for investigating the possi-
bility of establishing novel bacteria–eukaryote mutualism in
nature.
In this study, we constructed a SOBEM by mixing two model
organisms and testing 14 interaction patterns. More precisely, we
mixed a bacterium, E. coli, and an amoeba, Dictyostelium discoideum,
under 14 conditions in which both species could not grow in mono-
culture but potentially could grow in coculture. When E. coli and D.
discoideum mutually compensated for the lack of required nutri-
ents, lipoic acid and glutamine (Gln), respectively, both species
grew continuously through several subcultures, essentially estab-
lishing mutualism. Our results shed light on the establishment of
bacteria–eukaryote mutualism and indicate that a bacterium and
eukaryote pair in nature has a non-negligible possibility of estab-
lishing mutualism through their encounter if the pair is potentially
mutualistic.
2. Materials and methods
2.1.  Strains and culture conditions
For  the bacterium, we used a green-labeled glutamine auxotrophic E. coli strain
OSU6  (glnA::(Kanr)PtetA-gfpuv5 F− endA1 gyrA96 thi-1 hsdR17(rK− , mK+) supE44
relA1)  (Yamada et al., 2008), which is a derivative of E. coli DH1 (obtained from the
National BioResource Project, National Institute of Genetics, Shizuoka, Japan). For the
amoeba, we  used an aggregation-defective cellular slime mold D. discoideum strain
HS175 (erkB−) (Segall et al., 1995), which was a kind gift from Dr. Mineko Maeda of
Osaka University. This mutant lacks lipopolysaccharide-dependent enhanced bac-
tericidal activity, which has been shown to be dependent on the MAPK ErkB (Walk
et al., 2011), although the predation of the bacterium by this mutant was actually
detected (Fig. S1). All of the cultures were grown at 22 ◦C in a synthetic medium, SIH
(Han et al., 2004), or its derivatives, as described in the corresponding text for each
experiment. The Gln concentration was 2 mM in all of the Gln-containing media. The
antibiotic kanamycin was  added at 25 g/mL to each culture; ampicillin was  also
added at 50 g/mL for the amoeba monocultures. The cultures were static (for the
amino acids as nutrient X in Figs. 2 and 3) or agitated (for the vitamins as nutrient X in
Figs. 2 and 3; 180 rpm rotation in a 300 mL  conical ﬂask with 50 mL  culture liquid).
Before  culturing, we washed the bacterium and the amoeba using centrifugation
(twice  at 4820 × g for 5 min  and at 890 × g for 5 min, respectively) with phosphate
buffer  (8.9 mM KH2PO4 and 2.5 mM NaH2PO4; pH 6.5) to exclude the carry-over of
supplements from the preculture.
Supplementary material related to this article found, in the online version, at
http://dx.doi.org/10.1016/j.biosystems.2013.05.006.
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Fig. 3. The population dynamics of the cocultures and monocultures of the amoeba and bacterium in the absence of nutrient X. The cell concentrations of the amoeba and
bacterium in the cocultures are depicted as red-ﬁlled circles and blue-ﬁlled triangles, respectively. The population dynamics in the monoculture of each species are depicted
as  gray open circles and triangles for the amoeba and the bacterium, respectively. The organisms cocultured in the absence of the vitamins were transferred at the time
denoted by the black arrows. We transferred all the cocultures in the absence of the vitamins at day 7 as described in the text. Then we  transferred the cocultures that showed
signiﬁcant growth (more than fourfold increase from the inoculated concentrations) of both the bacterium and the amoeba after the ﬁrst transfer. The cultivation was stopped
at  the time points at which the curve truncates. The detection limit of the measurement of amoeba cells was  104/mL. These experiments have not been replicated except for
the  cultures in SIH and SIH′ . However, we have checked that the results for the cultures in SIH-(lipoic acid) are robust (see Fig. 4), which is critical for the conclusion. (For
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.2. Measurement of cell concentrations
We  measured the cell concentration of the amoeba using a Thoma hemocytome-
er  (Erma Inc., Tokyo, Japan). The cell concentration of the bacterium was  determined
rom  the culture’s optical density (600 nm)  for Fig. 2B, from the number of colony
orming  units on LB agar plates (Maniatis et al., 1982) for Fig. 3, or from the con-
entration  relative to a known concentration of ﬂuorescent beads (Fluoresbrite YG
icrospheres, 3 m; Polysciences Inc., Warrington, PA, USA) using a ﬂuorescent
ell  sorter FACSAria (BD Bioscience, CA, USA) for Fig. 4A or a Cytomics FC500 Flow
ytometer (Beckman Coulter, Inc., CA, USA) for Fig. 4C, as described in a previous
tudy (Hosoda et al., 2011).
. Results and discussion
.1.  The basic design of our SOBEM
The basic design of our SOBEM is shown in Fig. 1. We  employed
. coli and D. discoideum as a model bacterium (Keseler et al., 2011;
eidhardt and Curtiss, 1996) and a model eukaryote (amoeba) (Fey
t al., 2007; Kamino et al., 2011), respectively, because experimen-
al ecosystems using this pair of the bacterium and the amoeba
ad been studied extensively (Kihara et al., 2009, 2011; Matsuyama
t al., 2004; Todoriki et al., 2002a,b; Tsuchiya et al., 1972; Yamada
t al., 2008). The bacterium used had been genetically engineered
o lack the gene glnA, which is essential for Gln biosynthesis; thus,
he strain does not grow in a medium lacking Gln. For the amoeba, web  version of this article.)
we  used a mutant that has only a vegetative growth stage in the life
cycle, for simplicity of the system (see Section 2), although wild-
type strains of the amoeba also have multicellular development
in their life cycle. The amoeba can synthesize Gln but naturally
requires a wider variety of nutrients than the bacterium and does
not grow if not supplied with one of those essential nutrients. The
basic culture medium used for the coculture of the bacterium and
the amoeba was a synthetic medium for the amoeba, SIH (Han
et al., 2004), which contains all of the nutrients necessary for the
growth of the amoeba. Because SIH does not contain Gln, neither
the bacterium nor the amoeba grows in monoculture if one of the
nutrients, X, which is necessary for the growth of the amoeba,
is omitted from SIH (designated as medium SIH-X). However, in
coculture, if both organisms complement the lack of the necessary
nutrient for the partner, both continuously grow, thereby establish-
ing mutualism. More speciﬁcally, the amoeba can supply Gln (or a
substitute) by leakage to the medium, and the bacterium can sup-
ply the nutrient X (or a substitute) by leakage and/or predation by
the amoeba. (These organisms have been used as a model predator-
prey system, Tsuchiya et al., 1972.) In this study, we  searched for
the nutrient (X) that satisﬁes the following two events: (i) nei-
ther the bacterium nor the amoeba grows in monoculture using
SIH-X, and (ii) both the bacterium and the amoeba grow in cocul-
ture.
I. Kubo et al. / BioSystems
Fig. 4. The population dynamics of coculture in SIH-(lipoic acid). (A) The population
dynamics at various initial cell concentrations. The amoeba was precultured once
in monoculture with SIH-(lipoic acid) prior to the coculture to avoid the inﬂuence
of  the inertial growth as shown in text. The cell concentrations of the amoeba and
bacterium are depicted as red-ﬁlled circles and blue-ﬁlled triangles, respectively.
The  population dynamics in the control monocultures of each species are depicted
as  gray open circles and triangles for the amoeba and the bacterium, respectively.
The  bold lines indicate the results derived from the model shown in Eq. (1), with a
parameter set of kA = 2.5/d, kB = 0.0096/d, dA = 0.16/d, and dB = 0.054/d. The d values
were  determined from ﬁtting the mortality curves in the monoculture shown as
gray points, and the k values were determined from ﬁtting the coculture data to the
solution of Eq. (1) using the determined d values. (B) Direction ﬁeld of the population
dynamics. The experimental results of the variation in the cell concentrations shown
in (A) (large black arrows) are overlaid with the expected variation at all conditions
of  the cell concentrations calculated from the mathematical model (small colored
arrows). The directions of the colored arrows were calculated as the resultant vector
of (dCA/dt)/CA and (dCB/dt)/CB from Eq. (1), and the colors indicate the relative value
of the logarithm of the magnitude of the resultant vector (the minimum and the
maximum were set to be purple and red, respectively, as depicted in the ﬁgure). (C)
Multiple subculturing of the coculture. The red circles and blue triangles indicate
the cell concentration of the amoeba and the bacterium, respectively. The solid lines
and the dashed lines represent the subculture with different initial amoeba cell
concentrations (105 and 2 × 105/mL, respectively). The population dynamics in the
monocultures of the amoeba and the bacterium (inoculated at 2 × 105 and 106/mL,
respectively) are depicted as × (black) and + (gray), respectively. The solid lines
and  the dashed lines show two independent monocultures. The inertial growth of
the amoeba in the ﬁrst culture, and the difference between the monoculture and
the coculture after the ﬁrst transfer are clearly shown. (For interpretation of the
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.2. Searching for the nutrient X using monoculture
We ﬁrst searched for the nutrient X that satisﬁes the following
wo requirements: the amoeba does not grow in monoculture in
IH-X, and the bacterium grows in monoculture when the SIH-X is
upplemented with Gln (SIH-X + Gln). We  tested 16 amino acids and
 vitamins as nutrient X. The results of the amoeba monocultures
n SIH-X are shown in Fig. 2A. The amoeba did not show signiﬁ-
ant growth (more than fourfold increase, i.e., two  doublings from
he initial concentration) with 11 of the 16 amino acids. For all
 vitamins, the amoeba showed signiﬁcant growth in SIH-X when 113 (2013) 66– 71 69
each  inoculum was ﬁrst transferred from SIH (black bars). However,
when, thereafter, transferred to the same medium, the amoeba did
not show signiﬁcant growth unless X was cyanocobalamin (white
bars). The results of the bacterial monocultures in SIH-X + Gln  are
shown in Fig. 2B. The bacterium grew unless X was Ile; therefore, Ile
could not serve as the nutrient X for which we searched. Although
the bacterium did not require Ile in a minimal medium, it is known
that Val inhibits the bacterium’s growth in the absence of Ile owing
to feedback inhibition of an enzyme that catalyzes a reaction in the
biosynthesis of both Val and Ile (De Felice et al., 1979). From these
results, we selected 10 amino acids and 4 vitamins as candidates
for nutrient X: Arg, His, Leu, Gly, Phe, Trp, Lys, Met, Thr, Val, biotin,
folic acid, lipoic acid, and riboﬂavin. All of these nutrients are known
to be required for the growth of D. discoideum (Franke and Kessin,
1977).
3.3. Searching for the nutrient X by coculturing
We then found that one of these 14 nutrients, lipoic acid can
serve as the nutrient X for which we  searched. We tested the cocul-
ture in media in which each of the selected 14 candidates was
omitted. For simplicity, we used SIH′ medium, in which amino acids
that are not necessary for the growth of the amoeba (Asn, Asp,
Cys, Glu, and Pro) were omitted from SIH (as the basic medium)
before the omission of the amino acid candidates. The population
dynamics of the cocultures are shown in Fig. 3. The amoeba showed
signiﬁcant growth in both SIH and SIH′ as controls. When one of the
10 amino acid candidates was excluded from SIH′ (i.e., SIH′-X), nei-
ther the amoeba nor the bacterium showed signiﬁcant growth with
any of the candidates. In all cases when X was a vitamin, the amoeba
showed signiﬁcant growth upon the ﬁrst culture after transfer from
SIH, as was the case for the monocultures. After transfer to the
same medium by subculturing, both the amoeba and the bacterium
showed signiﬁcant growth (more than fourfold increase as above)
continuously only when X was  lipoic acid. The difference between
the monoculture and the coculture is more clearly shown below
(Fig. 4). Thus, by examining the 14 nutrient candidates, we  found
that lipoic acid can serve as the nutrient X for which we searched.
3.4.  The stability of the coculture using SIH-(lipoic acid)
The  coculture in SIH-(lipoic acid) was continuously cultivatable.
First, we  analyzed the population dynamics of the coculture in SIH-
(lipoic acid) with varying initial concentrations of the amoeba and
bacterium (Fig. 4A). The amoeba was  precultured once in mono-
culture with SIH-(lipoic acid) prior to the coculture to avoid the
inﬂuence of the inertial growth shown above. Under all of the
conditions tested, both the amoeba and the bacterium grew con-
tinuously in coculture, whereas neither grew in monoculture. More
speciﬁcally, in coculture, the amoeba ﬁrst grew to 1/10 the concen-
tration of the bacterium, and then both grew in keeping with their
population ratio. We constructed a simple mathematical model to
understand the population dynamics of our SOBEM. We assumed
that each of the two  organisms supplied the nutrient (or a substi-
tute) at a constant rate per cell and that the entire amount of the
supplied nutrient was transferred to the cell body of the partner.
Based on those assumptions, we formulated the equation for the
population dynamics as follows:
dCA
dt
=  kBCB − dACA,
dCB = k C − d C ,
(1)where the subscripts A and B denote the amoeba and the bac-
terium, respectively, CY, kY, and dY are the cell concentration of
Y, the rate constant of the nutrient supply from a single cell of Y,
7 ystem
a
s
a
n
f
w
d
b
o
v
p
s
t
u
d
o
c
c
c
a
e
t
a
t
s
4
b
m
b
ﬁ
a
m
n
r
n
b
o
2
e
o
s
p
i
o
o
d
a
o
o
s
M
e
t
e
2
A
v
K
T0 I. Kubo et al. / BioS
nd the mortality rate of the Y cells, respectively. We  used only
imple linear terms in the model and did not include speciﬁcally
ssigned non-linear terms such as that for predation because we did
ot identify the main cause for the interactions. The time-varying
unctions CA and CB in the model can be solved analytically, and
e found that this extremely simple model provided a reasonable
escription of the experimental data for the population dynamics
y using a common set of the constants (Fig. 4A, bold lines). More-
ver, the direction ﬁeld (Hass et al., 2007) in Fig. 4B, which gives a
isualization of the mathematically predicted general shape of the
opulation dynamics overlaid by the experimental results, clearly
hows that the stable population ratio is reasonable, suggesting
he ratio CB/CA will become approximately 10 even when we inoc-
late the cells at another initial cell concentrations. Note that we
o not argue that the interactions between the two  organisms were
nly due to exchanges of leaked glutamine and lipoic acid via the
ulture media. The interaction could be due to exchanges of other
ompatible substances, predation, or pleiotropic effects. We  then
ocultured the organisms with the initial concentrations providing
 10:1 population ratio of bacterium to amoeba, and then, before
ither population reached saturation, we transferred the cocul-
ure into the fresh medium, making the initial concentration of the
moeba become 105 or 2 × 105/mL  (Fig. 4C). The coculture was  con-
inuously cultivatable; namely, the SOBEM was established with a
table population ratio.
.  Conclusion
We  constructed synthetic obligate mutualism between a model
acterium and a model eukaryote via coculture. The constructed
utualism was induced by simple syntrophy of essential nutrients
etween two organisms that would rarely interact in nature. This
rst construction of synthetic mutualism between a bacterium and
 eukaryote sheds light on the establishment of bacteria–eukaryote
utualism in nature. It is also remarkable that the two species are
ormally capable of a predator–prey interaction, but they can also
eadily form mutualisms. Moreover, the organisms established the
ovel mutualism under one of the 14 conditions tested, compara-
le to previous reports of synthetic mutualism between organisms
ther than the pair of bacteria and eukaryotes (Hillesland and Stahl,
010; Hosoda et al., 2011; Hosoda and Yomo, 2011; Shendure
t al., 2005; Shou et al., 2007; Wintermute and Silver, 2010b). Thus,
ur results add to the body of knowledge on mutualism and may
uggest that an organism in nature has a low but non-negligible
ossibility of establishing novel mutualism by merely encounter-
ng another potentially mutualistic species, regardless of the pair
f their kingdoms to which they belong. Although we  show that
ur SOBEM was continuously cultivatable and that the population
ynamics were stable, we  do not argue that our SOBEM is evolution-
rily stable or sustainable against the evolutionary vulnerability
f mutualism. Because the way in which mutualism evolves is
ne of the principal questions in ecology and evolution, further
tudy on the experimental evolution of this SOBEM is important.
oreover, because our SOBEM involved phagocytic processes, the
xperimental evolution of this SOBEM would be expected to move
oward synthetic endosymbiosis, which is an ambitious, long-term
ndeavor (Agapakis et al., 2011; Jeon, 1972; Maurino and Weber,
013; Nakajima et al., 2009).
cknowledgmentsWe thank Drs. Mineko Maeda and Hidekazu Kuwayama for pro-
iding D. discoideum strains. We  thank Drs. Satoshi Sawai and Akiko
ashiwagi for helpful discussions. We  are also grateful to Ms.  Naomi
ago, Ms.  Ryoko Otsuki, and Mr.  Kenji Tomita for their valuables 113 (2013) 66– 71
technical  assistance. This study was partially conducted in the Open
Laboratories for Advanced Bioscience and Biotechnology (OLABB),
Osaka University, Japan. This research was  supported in part by
the “Global COE Program” and the “Special Coordination Funds for
Promoting Science and Technology: Yuragi Project” of the Japanese
Ministry of Education, Culture, Sports, Science and Technology, JSPS
KAKENHI Grant Number 23770021, and “Novel and innovative R&D
making use of brain structures” from the Ministry of Internal Affairs
and Communications Japan.
References
Agapakis, C.M., Niederholtmeyer, H., Noche, R.R., Lieberman, T.D., Megason, S.G.,
Way, J.C., Silver, P.A., 2011. Towards a synthetic chloroplast. PLoS ONE 6, e18877.
Althoff, D.M., Segraves, K.A., Smith, C.I., Leebens-Mack, J., Pellmyr, O., 2012. Geo-
graphic isolation trumps coevolution as a driver of yucca and yucca moth
diversiﬁcation.  Mol. Phylogenet. Evol. 62, 898–906.
Backhed, F., Ley, R.E., Sonnenburg, J.L., Peterson, D.A., Gordon, J.I., 2005. Host-
bacterial  mutualism in the human intestine. Science 307, 1915–1920.
Bascompte,  J., Jordano, P., Olesen, J.M., 2006. Asymmetric coevolutionary networks
facilitate biodiversity maintenance. Science 312, 431–433.
Begon,  M.,  Harper, J.L., Townsend, C.R., 1996. Ecology: Individuals, Populations, and
Communities, 3rd ed. Blackwell Science, Oxford; Cambridge, MA.
Boucher, D.H., 1985. The Biology of Mutualism: Ecology and Evolution. Oxford
University  Press, New York.
Boucher, D.H., James, S., Keeler, K.H., 1982. The ecology of mutualism. Annu. Rev.
Ecol. Syst. 13, 315–347.
Cook,  J.M., Rasplus, J.Y., 2003. Mutualists with attitude: coevolving ﬁg wasps and
ﬁgs. Trends Ecol. Evol. 18, 241–248.
De Felice, M.,  Levinthal, M.,  Iaccarino, M.,  Guardiola, J., 1979. Growth-inhibition as
a consequence of antagonism between related amino-acids – effect of valine in
Escherichia-coli K-12. Microbiol. Rev. 43, 42–58.
Douglas, A.E., 1994. Symbiotic Interactions. Oxford University Press, Oxford, New
York.
Ferriere, R., Bronstein, J.L., Rinaldi, S., Law, R., Gauduchon, M., 2002. Cheating and
the evolutionary stability of mutualisms. Proc. R. Soc. Lond. B: Biol. Sci. 269,
773–780.
Fey,  P., Kowal, A.S., Gaudet, P., Pilcher, K.E., Chisholm, R.L., 2007. Protocols for growth
and development of Dictyostelium discoideum. Nat. Protoc. 2, 1307–1316.
Franke, J., Kessin, R., 1977. A deﬁned minimal medium for axenic strains of Dic-
tyostelium discoideum. Proc. Natl. Acad. Sci. U. S. A. 74, 2157–2161.
Han,  S.I., Friehs, K., Flaschel, E., 2004. Improvement of a synthetic medium for
Dictyostelium  discoideum. Process Biochem. 39, 925–930.
Harcombe, W.,  2010. Novel cooperation experimentally evolved between species.
Evolution 64, 2166–2172.
Hass,  J.R., Weir, M.D., Thomas, G.B., 2007. University Calculus. Pearson Higher Ed
USA, Cranbury, NJ.
Hekstra,  D.R., Leibler, S., 2012. Contingency and statistical laws in replicate microbial
closed ecosystems. Cell 149, 1164–1173.
Herre, E.A., Knowlton, N., Mueller, U.G., Rehner, S.A., 1999. The evolution of mutu-
alisms: exploring the paths between conﬂict and cooperation. Trends Ecol. Evol.
14, 49–53.
Hillesland, K.L., Stahl, D.A., 2010. Rapid evolution of stability and productivity at the
origin of a microbial mutualism. Proc. Natl. Acad. Sci. U. S. A. 107, 2124–2129.
Hosoda, K., Suzuki, S., Yamauchi, Y., Shiroguchi, Y., Kashiwagi, A., Ono, N., Mori, K.,
Yomo, T., 2011. Cooperative adaptation to establishment of a synthetic bacterial
mutualism. PLoS ONE 6, e17105.
Hosoda, K., Yomo, T., 2011. Designing symbiosis. Bioeng. Bugs 2, 338–341.
Jeon, K.W., 1972. Development of cellular dependence on infective organisms:
micrurgical  studies in amoebas. Science 176, 1122–1123.
Kamino, K., Fujimoto, K., Sawai, S., 2011. Collective oscillations in developing cells:
insights from simple systems. Dev. Growth Differ. 53, 503–517.
Keseler,  I.M., Collado-Vides, J., Santos-Zavaleta, A., Peralta-Gil, M.,  Gama-Castro, S.,
Muniz-Rascado, L., Bonavides-Martinez, C., Paley, S., Krummenacker, M.,  Alt-
man,  T., Kaipa, P., Spaulding, A., Pacheco, J., Latendresse, M.,  Fulcher, C., Sarker,
M.,  Shearer, A.G., Mackie, A., Paulsen, I., Gunsalus, R.P., Karp, P.D., 2011. Eco-
Cyc:  a comprehensive database of Escherichia coli biology. Nucleic Acids Res. 39,
D583–D590.
Kihara, K., Mori, K., Suzuki, S., Hosoda, K., Yamada, A., Matsuyama, S., Kashiwagi, A.,
Yomo, T., 2011. Probabilistic transition from unstable predator–prey interaction
to  stable coexistence of Dictyostelium discoideum and Escherichia coli. Biosystems
103, 342–347.
Kihara, K., Mori, K., Suzuki, S., Ono, N., Furusawa, C., Yomo, T., 2009. Global/temporal
gene  expression analysis of Escherichia coli in the early stages of symbiotic rela-
tionship  development with the cellular slime mold Dictyostelium discoideum.
Biosystems  96, 141–164.Maniatis,  T., Fritsch, E.F., Sambrook, J., 1982. Molecular Cloning: a Laboratory Man-
ual. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.
Matsuyama,  S., Furusawa, C., Todoriki, M.,  Urabe, I., Yomo, T., 2004. Global change in
Escherichia coli gene expression in initial stage of symbiosis with Dictyostelium
cells.  Biosystems 73, 163–171.
ystems
M
M
M
M
N
N
R
S
S
S
S
SI. Kubo et al. / BioS
aurino, V.G., Weber, A.P., 2013. Engineering photosynthesis in plants and synthetic
microorganisms. J. Exp. Bot. 64, 743–751.
ee, M.T., Wang, H.H., 2012. Engineering ecosystems and synthetic ecologies. Mol.
Biosyst. 8, 2470–2483.
erckx,  V., Bidartondo, M.I., 2008. Breakdown and delayed cospeciation in the
arbuscular mycorrhizal mutualism. Proc. R. Soc. B: Biol. Sci. 275, 1029–1035.
omeni, B., Chen, C.C., Hillesland, K.L., Waite, A., Shou, W.,  2011. Using artiﬁcial
systems  to explore the ecology and evolution of symbioses. Cell. Mol. Life Sci.
68, 1353–1368.
akajima, T., Sano, A., Matsuoka, H., 2009. Auto-/heterotrophic endosymbiosis
evolves  in a mature stage of ecosystem development in a microcosm composed
of  an alga, a bacterium and a ciliate. Biosystems 96, 127–135.
eidhardt,  F.C., Curtiss, R., 1996. Escherichia coli and Salmonella: cellular and molec-
ular biology, 2nd ed. ASM Press, Washington, DC.
amirez, S.R., Eltz, T., Fujiwara, M.K., Gerlach, G., Goldman-Huertas, B., Tsutsui, N.D.,
Pierce, N.E., 2011. Asynchronous diversiﬁcation in a specialized plant–pollinator
mutualism.  Science 333, 1742–1746.
achs, J.L., Simms, E.L., 2006. Pathways to mutualism breakdown. Trends Ecol. Evol.
21, 585–592.
ano, A., Watanabe, M.,  Nakajima, T., 2009. Adaptive characteristics of a cili-
ate  Tetrahymena thermophila in endosymbiotic association with a green alga
Chlorella  vulgaris derived in a long-term microcosm culture. Symbiosis 47,
151–160.
chardl,  C.L., Craven, K.D., 2003. Interspeciﬁc hybridization in plant-associated fungi
and oomycetes: a review. Mol. Ecol. 12, 2861–2873.
egall, J.E., Kuspa, A., Shaulsky, G., Ecke, M.,  Maeda, M.,  Gaskins, C., Firtel, R.A., 1995.
A map  kinase necessary for receptor-mediated activation of adenylyl-cyclase in
Dictyostelium. J. Cell Biol. 128, 405–413.
hendure, J., Porreca, G.J., Reppas, N.B., Lin, X., McCutcheon, J.P., Rosenbaum, A.M.,
Wang, M.D., Zhang, K., Mitra, R.D., Church, G.M., 2005. Accurate multiplex
polony  sequencing of an evolved bacterial genome. Science 309, 1728–1732. 113 (2013) 66– 71 71
Shou,  W.,  Ram, S., Vilar, J.M., 2007. Synthetic cooperation in engineered yeast popu-
lations. Proc. Natl. Acad. Sci. U. S. A. 104, 1877–1882.
Tanouchi, Y., Smith, R.P., You, L., 2012. Engineering microbial systems to
explore  ecological and evolutionary dynamics. Curr. Opin. Biotechnol. 23,
791–797.
Tarkka,  M.T., Sarniguet, A., Frey-Klett, P., 2009. Inter-kingdom encounters:
recent  advances in molecular bacterium–fungus interactions. Curr. Genet. 55,
233–243.
Todoriki, M.,  Oki, S., Matsuyama, S., Ko-Mitamura, E.P., Urabe, I., Yomo, T., 2002a.
An observation of the initial stage towards a symbiotic relationship. Biosystems
65,  105–112.
Todoriki, M.,  Oki, S., Matsuyama, S.I., Urabe, I., Yomo, T., 2002b. Unique colony hous-
ing the coexisting Escherichia coli and Dictyostelium discoideum. J. Biol. Phys. 28,
793–797.
Tsuchiya, H.M., Drake, J.F., Jost, J.L., Fredrickson, A.G., 1972. Predator-prey interac-
tions of Dictyostelium discoideum and Escherichia coli in continuous culture. J.
Bacteriol. 110, 1147–1153.
Walk,  A., Callahan, J., Srisawangvong, P., Leuschner, J., Samaroo, D., Cas-
silly,  D., Snyder, M.L., 2011. Lipopolysaccharide enhances bactericidal
activity  in Dictyostelium discoideum cells. Dev. Comp. Immunol. 35,
850–856.
Weber,  W.,  Daoud-El Baba, M.,  Fussenegger, M.,  2007. Synthetic ecosystems based
on airborne inter- and intrakingdom communication. Proc. Natl. Acad. Sci. U. S.
A. 104, 10435–10440.
Wintermute, E.H., Silver, P.A., 2010a. Dynamics in the mixed microbial concourse.
Genes  Dev. 24, 2603–2614.Wintermute,  E.H., Silver, P.A., 2010b. Emergent cooperation in microbial
metabolism.  Mol. Syst. Biol. 6, 1–7.
Yamada, A., Matsuyama, S., Todoriki, M.,  Kashiwagi, A., Urabe, I., Yomo, T., 2008.
Phenotypic  plasticity of Escherichia coli at initial stage of symbiosis with Dic-
tyostelium  discoideum. Biosystems 92, 1–9.
